The green sulfur bacterium Chlorobium tepidum produces chlorobactene as its primary carotenoid. Small amounts of chlorobactene are hydroxylated by the enzyme CrtC and then glucosylated and acylated to produce chlorobactene glucoside laurate. The genes encoding the enzymes responsible for these modifications of chlorobactene, CT1987, and CT0967, have been identified by comparative genomics, and these genes were insertionally inactivated in C. tepidum to verify their predicted function. The gene encoding chlorobactene glucosyltransferase (CT1987) has been named cruC, and the gene encoding chlorobactene lauroyltransferase (CT0967) has been named cruD. Homologs of these genes are found in the genomes of all sequenced green sulfur bacteria and filamentous anoxygenic phototrophs as well as in the genomes of several nonphotosynthetic bacteria that produce similarly modified carotenoids. The other bacteria in which these genes are found are not closely related to green sulfur bacteria or to one another. This suggests that the ability to synthesize modified carotenoids has been a frequently transferred trait.
Carotenoids bearing sugars and acylated sugars have been found in many bacteria and occur in a wide range of phyla in both photosynthetic and nonphotosynthetic species. Typically, glucose is linked to a hydroxyl group on the carotenoid backbone, and the glucose moiety may be acylated. The carotenoid-linked sugar may also be mannose (3) or fucose (27, 33, 34) , and the length of the acyl chain can vary from 1 to 20 carbons (9) . Glycosylated and acylated carotenoids are often found in the cytoplasmic membrane (11, 20, 22, 35) , but their physiological functions remain largely uncharacterized. In some cases, it has been proposed that the modified carotenoids affect membrane rigidity in response to stress (11, 39) . Experiments with polar carotenoids in artificial membranes suggest that they reduce the rate of oxygen diffusion through the membrane, thus protecting membrane lipids from oxidative damage (31) .
Modified carotenoids are synthesized by such a variety of organisms that it is impossible to infer a function(s) from their distribution. They are found in both aerobic (33) and anaerobic (32, 36, 37, 38) photosynthetic bacteria as well as in the flowers and fruits of a few plant species (9) . Among nonphotosynthetic bacteria, glycosylated and acylated carotenoids have also been identified in aerobes (22) and facultative aerobes (25) as well as in halophiles (23) , psychrophiles (11) , and thermophiles (41, 42) .
The thermophilic filamentous anoxygenic phototroph (FAP) Chloroflexus aurantiacus produces OH-␥-carotene glucoside esters, for which the major fatty acids are hexadecanoate and hexadecenoate (37) . Thermus thermophilus has also been shown to produce thermozeaxanthins, which are zeaxanthin glucoside esters (42) . Deinococcus spp., which are phylogenetically related to Thermus spp., are red pigmented as a result of carotenoid production, and at least two species of glycosylated xanthophyll carotenoids are produced by these organisms (4) . Finally, acylated carotenoids also occur in Myxococcus xanthus, which synthesizes these carotenoids in response to blue light (6, 8) , nutrient status (12) , or copper stress (28) .
The enzymatic pathway for modification of carotenoids has been elucidated for a few species. In Erwinia herbicola and related bacteria, the glucosyltransferase is CrtX, a membrane-associated protein that transfers glucose from UDP-glucose to zeaxanthin (20, 26) . Staphylococcus aureus has an unrelated carotenoid glycosyltransferase, which converts the C 30 carotenoid 4,4Ј-diaponeurosporenic acid to glycosyl 4,4Ј-diaponeurosporenoate (29) . Acylation of this compound produces staphyloxanthin, or ␤-D-glucopyranosyl 1-O-(4,4Ј-diaponeurosporen-4-oate)-6-O-(12-methyltetradecanoate). The genes encoding the glycosyltransferase and acyltransferase in S. aureus have been named crtQ and crtO, respectively (29) . However, in this paper, we will refer to the S. aureus enzymes by their locus tags, SA2350 and SA2352, in order to avoid confusion with -carotene desaturase, which is also named CrtQ (2), and ␤-carotene ketolase, also named CrtO (19) .
The green sulfur bacterium Chlorobium tepidum produces a small amount of OH-chlorobactene glucoside laurate (35, 38) , which is found in the cytoplasmic membrane rather than associated with the chlorosomes (35) . The genes in the chlorobactene biosynthetic pathway up to OH-chlorobactene have previously been identified ( Fig. 1) (14, 24) , but no homologs of the E. herbicola glycosyltransferase, CrtX, could be found in the predicted open reading frames (ORFs) in the C. tepidum genome (10) . In this study, a comparative genomics approach was used to identify possible carotenoid-specific glycosyltransferases and acyltransferases in C. tepidum and other carotenogenic organisms. This approach identified single genes as candidates to encode the glycosyltransferase and the acyltransferase, both of which were insertionally inactivated in C. tepidum to confirm the roles of their products in carotenogenesis.
The identification of these genes, which have now been named cruC and cruD, completes the identification of genes encoding the enzymes of the carotenoid biosynthetic pathway in C. tepidum (Fig. 1) .
MATERIALS AND METHODS
Strains and growth conditions. The wild-type strain of C. tepidum is the plating strain WT2321 (40) . All C. tepidum strains were grown at 46°C either in liquid CL medium or on CP plates (13) (1) . The genome neighborhoods of the best hits were inspected for the presence of nearby ORFs predicted to be involved in carotenoid biosynthesis. For construction of phylogenetic trees, amino acid sequences were aligned by use of the ClustalW tool in MacVector 7.2.3 (Accelrys, San Diego, CA) and neighbor-joining trees were generated from the alignments with Paup 4.0 (Sinauer Associates, Inc., Sunderland, MA).
Inactivation of cruC and cruD. The left and right flanks of genes selected for inactivation were amplified by PCR from wild-type C. tepidum genomic DNA with the primers described in Table 1 . The reverse primers for the left flanks and forward primers for the right flanks contained KpnI and SalI restriction sites, respectively. PCR products were digested with the appropriate restriction enzymes and purified from agarose gels by use of an Eppendorf Perfectprep gel cleanup kit (catalog number 0032 007.759; Westbury, NY). The aadA gene, conferring resistance to streptomycin and spectinomycin, was excised from plasmid pSRA81 (14) with SalI and KpnI and purified in the same manner. The fragments were mixed in a 1:1:1 ratio and ligated. The ligation products were separated on an agarose gel, and the products of the appropriate size were excised, purified, and used to transform wild-type C. tepidum as described previously (13, 15) . Antibiotic-resistant colonies appeared after approximately 1 week and were transferred to fresh plates amended with spectinomycin and streptomycin. After three successive transfers, PCR across the site of insertion, using primers CT1987 F1 and CT1987 R1 for CT1987 and primers CT0967 F3 and CT0967 R3 for CT0967 ( Table 1 ), confirmed that the wild-type and mutant alleles for both mutants had completely segregated. Two representative transformants from each mutant strain were selected for further analysis.
Pigment analyses. Mutants were grown without antibiotics in CL medium until the optical density at 600 nm was approximately 1.0. Pigments were extracted from cell pellets by sonication in acetone-methanol (7:2, vol/vol), and cellular debris was removed by centrifugation. The supernatant was filtered through a 0.2-m polytetrafluoroethylene syringe filter (6783-0402; Whatman, Clifton, NJ), and the solvent was dried under a stream of N 2 gas. The dried pigments were resuspended in 100 l of filtered (0.2 m) acetone-methanol (7:2, vol/vol) prior to injection into the high-performance liquid chromatography (HPLC) system. The HPLC system consisted of a 25-cm-by-4.6-mm 5-m Discovery C 18 column (Supelco, Bellefonte, Pa.) fitted to a binary pump (model G1312A) and solvent degasser (model 1379A) (1100 Series; Agilent Technologies, Palo Alto, CA). Eluates were monitored with a 1,024-element diode array detector (model G1315B, 1100 series; Agilent Technologies, Palo Alto, CA), and the system was 
RESULTS
Identification of candidate genes for the terminal steps of carotenogenesis in C. tepidum. The C. tepidum genome encodes nearly 40 glycosyltransferases and several acyltransferases. Rather than systematically attempt to inactivate each gene by interposon mutagenesis to identify the genes whose products are involved in carotenogenesis, we employed a comparative bioinformatics approach to identify a subset of candidate genes. As shown in Fig. 2 , the genomic contexts of CT1987 and CT0967 in C. tepidum provide no clues that the proteins encoded by these genes might be involved in carotenogenesis, since each is flanked by hypothetical and conserved hypothetical proteins. Visual inspection of the genome neighborhoods of orthologs of annotated C. tepidum glycosyl-and acyltransferases identified one candidate OH-chlorobactene glycosyltransferase (CT1987) and one candidate OH-chlorobactene glucoside acyltransferase (CT0967). Each of these candidate genes had apparent orthologs in Deinococcus geothermalis, Rhodopirellula baltica, and Frankia sp. strain EAN1pec, and in these species, the acyl-or glycosyltransferases are clustered with one or more genes encoding proteins annotated as carotenoid dehydrogenases or phytoene synthase (Fig. 2) . Based upon these observations, CT1987 and CT0967 were selected for insertional inactivation and further characterization.
Insertional inactivation of CT1987 and CT0976. A DNA fragment encoding the aadA gene, which encodes aminoglycoside acetyltransferase and confers resistance to spectinomycin and streptomycin, was ligated to the DNA fragments encoding the upstream and downstream flanks of CT1987 and CT0967 (Fig. 3A) . The resulting constructions were purified and used to transform wild-type C. tepidum cells. Transformants were selected and streaked to obtain isolated colonies and to allow segregation of alleles. PCR across these two genes showed that each transformant had a 0.9-kb insertion in the inactivated gene, which corresponds to the size of the aadA cassette (Fig.  3B) . No product corresponding to the size of the wild-type product was observed in either mutant; therefore, the wild-type and mutant alleles were completely segregated in the mutant strains.
Characterization of mutant strains. When carotenoids from wild-type C. tepidum were analyzed by HPLC, six major species were resolved (Fig. 4) . Based upon previous characterization of various crt mutants as well as mass spectrometric analyses (14) , these peaks correspond to OH-chlorobactene glucoside (peak 1), OH-chlorobactene (peak 2), OH-chlorobactene glucoside laurate (peak 3), chlorobactene (peak 4), ␥-carotene (peak 5), and 1Ј,2Ј-dihydrochlorobactene (peak 6). As shown in Fig. 4, peaks 1, 2 , and 3 were all missing when the crtC gene, encoding chlorobactene 2Ј-hydroxylase, is inactivated. The CT1987::aadA mutant no longer produced OH-chlorobactene glucoside or OH-chlorobactene glucoside laurate but still produced a carotenoid (peak 2) with an absorption spectrum identical to that for chlorobactene (absorption maxima at 461 and 491 nm; data not shown) and with the mass of OH-chlorobactene (550.4 Da). The CT0967::aadA mutant could no longer synthesize OH-chlorobactene glucoside laurate (peak 3) but could still produce OH-chlorobactene glucoside (peak 1) and OH-chlorobactene (peak 2). The carotenoid analyses of the two mutants confirm that CT1987 encodes the OH-chlorobactene glucosyltransferase while CT0967 encodes the OHchlorobactene glucoside lauroyltransferase. These two ORFs have been renamed cruC and cruD, respectively.
Growth rates of the mutants. Previous studies had shown that a C. tepidum crtB mutant lacking all carotenoids is viable and that mutants producing predominantly lycopene, ␥-carotene, or chlorobactene ( Fig. 1 ) can grow at rates similar to that of the wild type (14) . The crtC mutant, which cannot hydroxylate chlorobactene and therefore makes no glycosylated carotenoids (Fig. 4) , grows at a rate ϳ90% of that of the wild type at 70 mol photons m Ϫ2 s Ϫ1 and at the same rate as the wild type at high light intensity (14) . In contrast, the cruC and cruD
FIG. 2. Genome neighborhood comparisons. CT0967 (cruD) in C.
tepidum and orthologs in other organisms are striped; CT1987 (cruC) in C. tepidum and homologs in other organisms are solid black. Other genes predicted to be involved in carotenoid biosynthesis are light gray; all other genes are white. In two species, orthologs of both CT1987 and CT0967 appear in a genomic region with at least one other carotenoid biosynthesis gene. This arrangement of genes suggests that these two ORFs might encode proteins that function in carotenoid biosynthesis. 
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mutants grow at the same rate as the wild type at both intermediate and high light intensities (Fig. 5) . Sequence comparisons and phylogenetic analyses. The apparently orthologous glycosyltransferases, encoded in the genomic neighborhoods of other predicted carotenoid biosynthesis genes, were aligned with CruC and analyzed (Fig. 6 ). Among these carotenoid-specific glycosyltransferases, those from green sulfur bacteria (GSB) form a distinct clade within a larger group that includes all Chloroflexi (Herpetosiphon aurantiacus, Chloroflexus aurantiacus, and Chloroflexus aggregans, Roseiflexus sp. strain RS-1, and Roseiflexus castenholzii). The recently characterized diaponeurosporene glycosyltransferase from Staphylococcus aureus, SA2350 (29) , can be aligned with the CruC orthologs, but it consistently groups outside the cluster of C 40 carotenoid glycosyltransferases (Fig. 6) . The acyltransferases found in the same or similar genomic regions and apparently encoding carotenoid biosynthetic enzymes orthologous to CruD were aligned with selected acyltransferases from lipid and amino acid biosynthetic pathways. The carotenoid acyltransferases form a phylogenetically distinctive clade that is separate from the other two (Fig. 7) .
DISCUSSION
This study demonstrates the utility of using gene neighborhood comparisons of orthologous genes to identify candidate genes when the genes in question lack contextual information showing that they could be involved in a particular biosynthetic pathway. In the examples shown here, this approach identified single candidate genes for both a carotenoid glucosyltransferase and a carotenoid acyltransferase in the genome of C. tepidum. Inactivation of these two candidate genes and biochemical analyses of the corresponding mutants confirmed that the product of CT1987 is the OH-chlorobactene glucosyltransferase and that CT0967 encodes the OH-chlorobactene glucoside lauroyltransferase. The identification of these genes, now named cruC and cruD, respectively, completes the identification of the genes responsible for the enzymes of OHchlorobactene glucoside laurate in C. tepidum (Fig. 1) .
For C. tepidum, the presence of a population of carotenoids anchored in the cytoplasmic membrane most likely protects the membrane from radicals generated by the reaction centers, from reactive oxygen species, from chlorophyll triplet states, or from all of these. Although GSB are not oxygenic, the strong reductants generated by their reaction center can readily react with O 2 to form reactive oxygen species (16) , which have the potential to damage membrane lipids. Given their absolute dependence upon light for growth, many GSB inhabit the upper parts of anoxic zones, where periodic disturbance of the chemocline by wind or tides can result in transient exposure to molecular oxygen. Because homologs of both CruC and CruD are found in the genomes of all sequenced GSB, it is likely that these specialized carotenoids play an important role(s) in these organisms. Additionally, although inactivation of crtC, which encodes the enzyme that acts immediately before CruC and CruD, reduces the growth rate of C. tepidum under saturatinglight intensity, neither the cruC nor the cruD mutant has a growth defect under optimal laboratory conditions. This suggests that the modified carotenoid may be more important under stress conditions such as low temperature or oxic conditions.
Because glycosylated and acylated carotenoids are wide- Table 1 . The DNA templates were derived from wild-type C. tepidum (lanes 2 and 4) , from a CT1987::aadA transformant (lane 3), and from a CT0967::aadA transformant (lane 5). The amplicons from the two transformants are 0.9 kb larger than the corresponding amplicon from the wild type. This demonstrates that wild-type and mutant alleles had segregated fully in both transformants. Lanes 1 and 6 contain DNA size markers (Ladder I; GeneChoice, Frederick, MD).
6220
MARESCA AND BRYANT J. BACTERIOL.
at Penn State Univ on April 14, 2008 jb.asm.org spread among both photosynthetic and nonphotosynthetic bacteria, it is unlikely that they are principally involved in light harvesting and the conversion of light energy to chemical energy. Instead, they most likely serve other structural or protective functions in the membrane, absorbing and dissipating the energy from reactive oxygen species, UV light, or chlorophyll triplet states. Polar modifications of carotenoids, such as the introduction of hydroxyl or keto groups, tend to facilitate interactions with the phosphate head groups of lipids, thereby orienting the carotenoids within membranes (7, 31) . The acyl group should anchor these molecules within the membrane and could also provide structural interactions with particular membrane proteins. In some cases, specific lipids are known to play important roles in the biogenesis of some membrane proteins (5) or to have specific binding sites on membrane proteins associated with photosynthesis (17, 21) . In light of the observations that chlorobactene glucoside esters are found in the cytoplasmic membrane rather than the chlorosome and that they copurify with reaction centers (35) , it is also possible that in GSB, these modified carotenoids play some role, albeit nonessential, either in biogenesis of the photosystem proteins or in photoprotection of the reaction centers in the membrane. The S. aureus carotenoid glycosyltransferase SA2350 can be aligned with CruC glycosyltransferases, but its sequence is not more similar to the carotenoid glycosyltransferases than to other glycosyltransferases; several outgroup sequences were tested, and SA2350 always grouped with that sequence (data not shown). The large sequence differences between SA2350 and CruC may be due to the fact that the substrates for SA2350 are C 30 carotenoids rather than the C 40 compounds synthe- sized by other species. Because the S. aureus acyltransferase, SA2352, also seems to be unrelated to other putative carotenoid acyltransferases (see below), it appears likely that the similarity of the SA2350 carotenoid glycosyltransferase to the other carotenoid glycosyltransferases may have arisen by convergent evolution from a nonorthologous glycosyltransferase subfamily. The putative carotenoid acyltransferases orthologous to CruD form a coherent phylogenetic group when aligned and compared with lipid O-specific or N-specific acyltransferases. This grouping, in conjunction with gene neighborhood analysis, allows us to predict confidently that the ORFs RB11942 (in Rhodopirellula baltica) and Der0090 (in Deinococcus radiodurans), as well as ORF 9 in the M. xanthus carotenoid biosynthesis operon, also encode carotenoid acyltransferases. However, the S. aureus acyltransferase SA2352 cannot be aligned with these carotenoid acyltransferases. Thus, CruD appears to be the first characterized member of a new family of carotenoid acyltransferases.
The five sequenced FAP species, Chloroflexus aurantiacus, Chloroflexus aggregans, Roseiflexus sp. strain RS-1, and R. castenholzii, and the nonphotosynthetic Chloroflexus strain Herpetosiphon aurantiacus also have homologs of both cruC and cruD. As shown in Fig. 6 , the glycosyltransferases of these Chloroflexi cluster together within the group of carotenoid glycosyltransferases, but their sequences are not very similar to those of the GSB and their lineage is deeply divergent from the GSB clade (Fig. 6 ). The CruD sequences, which form a distinct clade among the larger family of acyltransferases, exhibit a similar pattern, in which the sequences derived from the Chloroflexi and Chlorobi form distinct clades that are deeply divergent. Interestingly, the CruD sequence most divergent from the Chloroflexi species is that of the nonphototrophic H. aurantiacus; the sequences from the two Chloroflexus spp. and Roseiflexus spp. are more similar (Fig. 7) . These relationships are similar to those inferred from comparisons of the 16S rRNA sequences of these organisms (data not shown).
The identification of cruC and cruD, and the distribution of these genes in other bacteria, highlights the chimeric nature of the carotenoid biosynthetic pathway in GSB. The enzymes for the conversion of phytoene to ␥-carotene in Chlorobi are similar to those for the conversion of phytoene to ␤-carotene in cyanobacteria, and they differ from the enzymes found in Chloroflexi and most other bacteria (14, 24) . However, the enzymes involved in modification of the cyclized carotenoids (ring modification, -end hydroxylation, glycosylation, and acylation) are more similar to those in FAPs and nonphotosynthetic bacteria (14) . This raises interesting questions about the acquisition and evolution of carotenoid biosynthesis genes in GSB. It seems plausible that the majority of the carotenoid biosynthesis pathway was inherited vertically from a common ancestor of GSB and cyanobacteria, while the genes encoding the final three steps for chlorobactene modification may have been acquired laterally at a later stage from another organism. Considering the prevalence of lateral gene transfer in the evolutionary history of carotenoid biosynthesis (18, 30) , this is perhaps the rule rather than the exception.
